[1] Although most Central American magmas have a typical arc geochemical signature, magmas in southern Central America (central Costa Rica and Panama) have isotopic and trace element compositions with an ocean island basalt (OIB) affinity, similar to the Galapagos-OIB lavas (e.g., Ba/La < 40, La/Yb > 10, 206 Pb/ 204 Pb > 18.8). Our new data for Costa Rica suggest that this signature, unusual for a convergent margin, has a relatively recent origin (Late Miocene $6 Ma). We also show that there was a transition from typical arc magmas (analogous to the modern Nicaraguan volcanic front) to OIB-like magmas similar to the Galapagos hot spot. The geographic distribution of the Galapagos signature in recent lavas from southern Central America is present landward from the subduction of the Galapagos hot spot tracks (the Seamount Province and the Cocos/Coiba Ridge) at the Middle American Trench. The higher Pb isotopic ratios, relatively lower Sr and Nd isotopic ratios, and enriched incompatible-element signature of central Costa Rican magmas can be explained by arc-hot spot interaction. The isotopic ratios of central Costa Rican lavas require the subducting Seamount Province (Northern Galapagos Domain) component, whereas the isotopic ratios of the adakites and alkaline basalts from southern Costa Rica and Panama are in the geochemical range of the subducting Cocos/Coiba Ridge (Central Galapagos Domain). Geological and geochemical evidence collectively indicate that the relatively recent Galapagos-OIB signature in southern Central America represents a geochemical signal from subducting Galapagos hot spot tracks, which started to collide with the margin $8 Ma ago. The Galapagos hot spot contribution decreases systematically along the volcanic front from central Costa Rica to NW Nicaragua.
1. Introduction
Geotectonic Setting
[2] The Central American volcanic front extends parallel to the Middle American Trench from the Mexico-Guatemala border to central Costa Rica (Figure 1 ). The convergence rate between the Cocos and Caribbean plates increases to the southeast from $60 mm/a off southern Guatemala to $90 mm/a off southern Costa Rica [DeMets, 2001] . Smooth crust, produced at the East Pacific Rise spreading center, characterized by extensive trench-parallel structures [Ranero et al., 2003] subducts to the north of the Nicoya Peninsula ( Figure 1 ). The crust subducting to the south of the Nicoya Peninsula was produced at the relatively slow spreading Cocos-Nazca ridge (Figure 1 ). Much of this segment of subducting crust has been overprinted by Galapagos hot spot tracks. The Galapagos hot spot tracks in front of Costa Rica (Figure 1 ) range in age between 13.0 and 14.5 Ma [Werner et al., 1999] . Active tectonic erosion has been reported in the Middle American Trench off Costa Rica [Ranero and von Huene, 2000; Ranero et al., 2003] . The presence of a large province of accreted oceanic complexes along the Pacific coast of southern Central America suggest, however, that accretionary processes have also been important in the earlier evolution of this margin [Denyer et al., 2006] .
[3] The sediment cover of the Cocos Plate appears to be entirely subducted along most of the margin. The geochemical signature of the subducted sediment can be traced into the Central American volcanoes by Ba/La (Figure 2a ). This ratio is particularly useful for Central America because it does not change significantly within the Cocos Plate sediment stratigraphy [Patino et al., 2000] . Furthermore, since Ba/La correlates with 10 Be/ 9
Be, the most definitive tracer of subducted sediment [Leeman et al., 1994] , it is a robust proxy to evaluate the sediment component. Along the volcanic front, the geochemical indicators of subducting sediments (e.g., Ba/La, U/Th, and 10 Be/ 9 Be), define a slightly asymmetrical chevron pattern with a maximum in northwest Nicaragua [Carr et al., 2003] . Higher La/Yb (steeper REE patterns) implies a lower degree of partial melting or derivation from a more enriched source. The overall correlation between La/Yb and Pb isotope ratios (Figures 2b and 2c) indicates that more enriched sources are present where La/Yb is higher (e.g., beneath Costa Rica and Guatemala). The mirror image in the along strike variations of La/ Yb, Ba/La, and 206 Pb/ 204 suggests that the subducted sediment component, characterized by high Ba/La but low La/Yb and 206 Pb/ 204 Pb (probably in the form of a fluid) is dominant beneath Nicaragua and that an enriched OIB-type component, with low Ba/La but high La/ Yb and 206 Pb/ 204 Pb (probably in the form of a melt), is dominant beneath Guatemala and central Costa Rica , Sadofsky et al., 2008 .
[4] Feigenson and Carr [1993] proposed two mantle reservoirs for Central America. The most common reservoir is analogous to depleted mantle (DM) similar to the source of mid-ocean ridge basalt (MORB). The second reservoir has a more enriched composition and was visualized as veins within the DM reservoir. Melting of this veined mantle source and its interaction with the subduction component produced magmas with a typical arc signature [Carr et al., 2003; Feigenson et al., 2004] . This signature is dominant along most of the volcanic front; however, in central Costa Rica the lavas have an anomalous Galapagos-OIB signature [Reagan and Gill, 1989; Herrstrom et al., 1995; Gazel, 2003; Feigenson et al., 2004] ( Figure 2 ).
[5] An array of often contradictory models exists to explain this anomalous OIB signature. Herrstrom et al. [1995] suggested that trench parallel flow above the subducting Nazca Plate proposed by Russo and Silver [1994] brings this enriched component from the mantle wedge beneath South America to the mantle wedge beneath southern Central America. Abratis and Wörner [2001] suggested that a ''slab window'' in the subducting Cocos Plate, proposed by Johnston and Thorkelson [1997] , allowed Galapagos asthenosphere to rise through the window into the mantle wedge below southern Costa Rica and Panama. Feigenson et al. [2004] suggested that the OIB signature is the result of melting a Galapagos-modified mantle below central Costa Rica and Panama. Goss and Kay [2006] explained the OIB signature by incorporation of fore-arc oceanic complexes into the mantle wedge via tectonic erosion. Benjamin et al. [2007] , Hoernle et al. [2008] , and this study consider that this signature is derived from the Galapagos hot spot tracks subducting beneath Costa Rica and Panama.
Previous Work: Temporal Evolution of Arc Volcanism in Central America
[6] In contrast to the substantial international efforts to understand the active volcanic front, the temporal evolution of arc volcanism in Central America has been the focus of few studies. Miocene volcanic stratigraphy in Central America was compiled in El Salvador by Wiesemann [1975] and in Nicaragua by Ehrenborg [1996] and Plank et al. [2002] . In Costa Rica, there is evidence of arc volcanism in the sedimentary record since the Albian [Calvo and Bolz, 1994] . Nevertheless, the oldest in situ remnants of arc activity are the Sarapiquí Arc (22.2 -11.4 Ma) [Gazel et al., 2005] , located behind the modern volcanic front of central Costa Rica (Figure 3 ). Older portions of the arc are also exposed in the Dominical area and the Talamanca Range (17.5-10.5 Ma) [MacMillan et al., 2004] and the Aguacate Arc (11.35-4.04 Ma) [Kussmaul et al., 1994; MacMillan et al., 2004] ( Figure 3 ). Normal arc volcanism ceased in the Talamanca area circa 14 -11 Ma according to MacMillan et al. [2004] , possibly as a result of the collision of older Galapagos hot spot tracks (e.g., Coiba Ridge) at this time with the Caribbean Plate . Subsequent volcanic activity in southern Costa Rica is represented by volumetrically minor adakitic-like suites. Although the term ''adakite'' is controversial [Kelemen et al., 2003] , we use it to refer to magmas interpreted to be derived through the melting of subducting oceanic crust within the garnet stability field, and the subsequent reaction of these melts with the mantle wedge, following the model of Kay [1978] . In the Talamanca Range, adakitic lavas <5 Ma are Alvarado et al., 2007; Carr et al., 2003] . The Galapagos hot spot and tracks, both bathymetry and isotopic domains, are from and Werner et al. [2003] . Note that the isotopic compositions of the eruptive lavas in southern Central America match with the isotopic domains of the subducting Galapagos hot spot tracks in front of the trench. The central Costa Rican volcanic front lavas and alkaline basalts require the input of the subducting Seamount Province (Northern Galapagos Domain is shown by blue areas) and the southern Costa Rican and Panamanian adakites and alkaline basalts are in the range of the subducting Cocos and Coiba ridges (Central Galapagos Domain is shown by green areas) [Hoernle et al., 2008, and this study] . CCR, central Costa Rica; CNS, Cocos-Nazca Spreading Center; EPR, East Pacific Rise; NAP, North American Plate; SCR, southern Costa Rica; VF, volcanic front. exposed as individual domes or minor lava flows in the central part of the range and near the Panamanian-Costa Rican border [Abratis and Wörner, 2001; MacMillan et al., 2004] . Their upper-mantle-like oxygen isotope ratios require mixing of slab melts from the upper low-temperature and lower high-temperature altered parts of the subducting crust [Bindeman et al., 2005] . Slab melts in this part of the arc can be explained by melting of relatively young subducting Galapagos hot spot tracks (13.0-14.5 Ma) [Werner et al., 1999] or by hot mantle upwelling [Abratis and Wörner, 2001] .
[7] The data presented here on the geochemical evolution of the Costa Rican arc allow us to test the different models that attempt to explain the origin of the Galapagos-OIB signature. We report major and trace element, isotopic and geochronological data that allow us to trace the geochemical evolution of magmas from Oligocene to Pliocene, and to explain the anomalous OIB signature as a result of the interaction of the arc with the subducting Galapagos hot spot tracks.
Samples and Analytical Methods
[8] Outcrops of Tertiary lavas and shallow intrusions were sampled from quarries, river beds, and road cuts following geologic maps of Tournon and Alvarado [1997] and Gazel et al. [2005] . We also sampled outcrops dated by MacMillan et al. [2004] (locations in Table 1 ). The objective was to elucidate the temporal geochemical evolution in Costa Rica in order to explain the anomalous OIB signature of the southern Central America magmas.
[9] Samples with no visible weathering, as verified by petrographic studies, were crushed in an alumina jaw crusher and washed with deionized water in an ultrasonic bath. Alteration-free rock chips (e.g., those free of oxides, veins, and zeolites) were selected under stereoscopic microscope and powdered in an alumina mill. Homogenous glass disks were produced at Michigan State University by fusing each powdered sample with lithium tetraborate (Li 2 B 4 O 7 ). Glass disks were then analyzed for major elements and selected trace elements (e.g., Cr, Cu, Ni, Sr, Rb, Zr, and Zn) by X-ray fluorescence (XRF) in a Bruker S4 Pioneer. Trace elements were obtained in the same glass disks by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) in a Micromass Platform ICP-MS with a Cetac LSX 200+ Nd:YAG laser (266 nm). The methods and precision are reported by Hannah et al. [2002] .
[10] Sr-Nd-Pb isotope analyses were carried out on whole rock powders at the Department of Earth and Planetary Sciences, Rutgers University. About 100 mg of samples were weighed into a Teflon beaker and dissolved for 6 h (open beaker) in a 5:1 mixture of HF and HNO 3 at 150°C until the acids were volatilized. The sample were then redissolved in 3 ml of 0.5 N HNO 3 and centrifuged for 5 min. Sample digestion and element chromatography were performed in a Class 1000 clean room, equipped with Class 100 laminar flow hoods with downdraft exhaust. HCl, HF, and HNO 3 are Fisher Chemical trace metal grade acids, and ultrapure HBr is obtained from SEASTAR # . A Barnstead Nanopure II # purifying system provided 18.2 MW water.
[11] The ion-exchange chromatography followed established standard procedures [e.g., Hart and Brooks, 1974] . These include Pb separation using 30 ml Teflon microcolumns filled with BIORAD # AG 1x8 (100-200 mesh) resin that is equilibrated with 0.5 N HBr for highest Pb retention and from which Pb is released with 1 ml of 0.5 N HNO 3 . The sample matrix collected during Pb chromatography (before the Pb is released) was then loaded in 1.5 N HCl onto 20 ml borosilicate glass columns filled with BIORAD # AG50W-X8 (100 -200 mesh). Then the column loaded with 2.3 N HCl and 7.3 N HCl to separate Sr. The rare earth elements (REE) were obtained by loading 20 ml of 7.3 N HCl after Sr Figure 3 . Simplified geologic map modified from Denyer and Alvarado [2007] that shows the different units sampled for this study. The locations of the samples are reported in Table 1 . Bathymetric features from Ranero and von Huene [2000] . The chronostratigraphic range of the different units mention in the text and in Tables 1 -3 is included to the right of the geologic map. Ages from MacMillan et al. [2004] , Gazel et al. [2005] , and this study. VF is volcanic front. Galer and Abouchami [1998] . Total chemistry blanks are <100 pg for Sr, Nd, and Pb and are thus considered negligible for the amount of sample processed.
[13] A subset of 10 samples (codes EG-, P-, and TC-; Tables 1, 2, and 3) were analyzed at IFM-GEOMAR and the University of Kiel. Samples were first crushed to small pieces, then washed in deionized water and carefully hand-picked under a binocular microscope. Major elements and some trace elements (e.g., Cr, Ni, Zr, Sr) of whole rock samples were determined on fused beads using a Philips X'Unique PW1480 X-ray fluorescence spectrometer (XRF) equipped with a Rh-tube at IFM-GEOMAR. H 2 O and CO 2 were analyzed in an infrared photometer (Rosemount CSA 5003). Additional trace elements (e.g., Rb, Ba, Y, Nb, Ta, Hf, U, Th, Pb, and all REE) were determined by ICP-MS on a VG Plasmaquad PQ1-ICP-MS at the Institute of Geosciences (University of Kiel) after the methods of Garbe-Schönberg [1993] . Pb isotopes were determined in a Finningan MAT 262-RPQ 2+ , Sr and Nd isotopes in a ThemoFinnigan TRITON TIMS at IFM-GEOMAR. The procedures and precision are detailed in the work of Geldmacher et al. [2006] and Hoernle et al. [2008] . Interlab comparison can be made with the 
Data and Results
[15] The main crystalline phases in the OligoceneMiddle Miocene samples are zoned plagioclase and clinopyroxene. Olivine is present in the basalts and basaltic andesites, typically altered to chlorite or iddingsite. Matrix textures in the lavas range from trachytic to interstitial and are composed of plagioclase, pyroxene, and magnetite. In general, the Oligocene-Middle Miocene samples display some degree of low temperature alteration (chlorite + zeolites). The petrography shows only one major temporal change, the appearance of orthopyroxene as a phenocryst phase during the Late Miocene.
[16] We report 76 new major element analyses and 72 new trace element analyses presented in Tables 1  and 2 . The analyzed samples include basalts, basaltic-andesites, some andesites, and one dacite (Figure 4) . The Oligocene-Middle Miocene samples belong to the calc-alkaline series, similar to the Nicaraguan volcanic front lavas, whereas most of the Late Miocene-Pliocene samples belong to the high-K calc-alkaline to transitional shoshonitic series, similar to the Central Costa Rican volcanic front lavas (Figure 4) . With the exception of lower Ba, Th, U, and Pb, the Oligocene-Middle Miocene rocks are very similar to lavas from the Nicaraguan volcanic front and have more depleted compositions than lavas from the central Costa Rica volcanic front ( Figure 5 ). The Late Miocene-Pliocene samples have incompatible-element abundances closer the central Costa Rica volcanic front lavas ( Figure 5 ).
[17] The Sr-Nd-Pb isotopes data are presented in Table 3 . The radiogenic isotope ratios were agecorrected [Faure, 1986] assuming that ages reported in the literature or in this study (Table 1) apply uniformly within each geologic unit. The corrected isotopic ratios in Table 3 
Discussion
[19] The new major observation reported here is the temporal magmatic evolution in Costa Rica. We first describe the geochemical changes over 
Temporal Magmatic Evolution in Costa Rica
[20] As mentioned in section 3, the Late Miocene to Pliocene lavas are mineralogically, petrologically, and geochemically distinct from the Oligocene through Middle Miocene lavas. The appearance of orthopyroxene as a phenocryst phase in the Late Miocene-Pliocene lavas could be the result of increasing silica content of the magmas via fractionation or by a metasomatic addition to the mantle source by silica-rich melts (melt-rock reaction) [e.g., Kelemen et al., 1992] . Orthopyroxenerich mantle peridotites from subduction zones are too high in SiO 2 and depleted in Al 2 O 3 to be considered residues. Therefore, they are interpreted to be produced by the reaction of the mantle with melts from the subduction zone [Herzberg, 2004] . Melting of this metasomatized source will produce lavas that can crystallize orthopyroxene at the initial stages of crystallization; orthopyroxene bearing basaltic lavas are common in central Costa Rica since the Late Miocene. It is likely that the appearance of this mineral reflects a change in the source by metasomatic addition of silicate-rich melts to the mantle source. On the basis of the trace element compositions of volcanic rocks and olivine-hosted melt inclusions, recent studies have also argued that a component with melt-like characteristics (e.g., with low Ba/La but high La/Yb, La/Nb and probably also Cl, S, and F) controls many of geochemical peculiarities of the Costa Rican magmas [Sadofsky et al., 2008] .
[21] The change in geochemical character between the Oligocene-Middle Miocene and the Late MioceneQuaternary volcanic rocks is also evident in major ( Figure 4 ) and trace elements ( Figure 5 ). The magmas change from low-K calc-alkaline series Feigenson and Carr [1986] . For elements to the left of Ti in Figure 5 , the Oligocene-Middle Miocene samples show patterns that mimic the modern Nicaraguan volcanic front lavas, with the exception of some of the fluid mobile elements Ba, U, and Pb ( Figure 5 ). The higher values for these fluid mobile elements in the modern Nicaraguan arc can be explained by the subduction of different sediments over time, as suggested by Patino et al. [2000] and Plank et al. [2002] . It is also worth noting that the Sr isotope ratio begins decreasing after the ''carbonate crash,'' believed to have been caused by an $800 m rise in the carbonate compensation depth as the Central American isthmus gateway began to close around 10 Ma ago [Plank et al., 2002] . The addition of hemipelagic sediments to the sediment column may have reduced the concentration of Sr in the overall sediment pile. Compared to the older Costa Rica samples and the modern Nicaraguan volcanic front lavas, Central Costa Rican samples younger than 6 Ma are strongly enriched in most incompatible elements, including fluid (e.g., Ba, K, Sr, K, etc.) and melt (e.g., Nb, Ta, Ce, Nd, Zr, etc.) mobile incompatible elements.
[22] The temporal evolution of the key geochemical parameters (Pb, Nd, Sr isotopes and La/Yb) were summarized above and are shown in Figure 6 . The Galapagos-OIB signature in Costa Rica volcanic-front rocks is characterized by 206 The initial ratios were calculated with the average ages reported in the literature or in this study (Table 1) for each geologic unit. 
Geochemical Components of the Southern Central American Lavas
[23] The subducting crust on the incoming plates outboard of Nicaragua, Costa Rica, and Panama is geochemically heterogeneous (Figure 1 ). The crust in front of Nicaragua was formed at the East Pacific Rise-Cocos spreading center and has a normal MORB-type geochemical composition (Figure 7 ). The subducting crust in front of central Costa Rica and Panama is covered by Galapagos hot spot tracks that preserve the geochemical zonation of the Galapagos hot spot domains Werner et al., 2003] . The subducting Seamount Province in front of central Costa Rica includes a series of small seamounts and submerged oceanic islands. These Seamount Province lavas show an OIB-alkaline composition and an isotopic signature belonging to the Northern Galapagos Domain Werner et al., 2003 , Harpp et al., 2004 ( Figure 1 ). The subducting Cocos and Coiba ridges have an OIB-tholeiitic composition and are more isotopically heterogeneous (Central, Eastern, and Southern Galapagos domains). However, the dominant isotopic domain in these ridges is the Central Galapagos Domain Werner et al., 2003] (Figure 1 ).
[24] The B, Be, and Th isotope systematics of the volcanic front lavas require the contribution of the subducted sediments [Leeman et al., 1994; Reagan et al., 1994] . Similarly, the Sr isotopes are controlled by melts and/or hydrous fluids from the subducting sedimentary section of the Cocos Plate [Patino et al., 2000] and fluids from the subducting oceanic crust and deserpentinization of the subducting mantle [Ranero et al., 2003 ]. Nd isotope systematics in Central America are more complicated. In Nicaragua, Carr et al. [1990] modeled the volcanic front lavas as a mix of a DM component and a small amount of sediment. However, this mix does not provide sufficient Nd to explain the Nd concentrations of the erupted lavas, thus some Nd is required from the subducting oceanic crust [Patino et al., 2000, and this study] .
[25] In contrast to other isotopic systems, Pb isotope systematics show no convincing evidence for contribution of subducted sediments . This may be due to decoupling between highly fluid-mobile Pb flushed at shallower levels (fore-arc vents?) and the relatively fluid-immobile Be, Th, and Nd possibly released at deeper levels. Alternatively, the integrated slab fluid that reacts with the mantle wedge does not shift the Pb isotope composition of the mixture because the subducting sediments are close to the composition of DM [Feigenson et al., 2004] . Therefore, Pb isotope systematics in southern Central America are mostly controlled by the interaction between the subducting oceanic crust and DM [Hoernle et al., 2008, Figure 7] .
[26] In summary the Pb isotope systematics of the data presented here (Figure 7 ) are explained by three main components. The first is an unradiogenic component that could either be normal a The Galapagos contribution and sediment refer to the metasomatic additions to a DM mantle from melts the subducting slab. Notice that the degree of partial meting used in each model is in the same order of magnitude and does not change significantly along the volcanic front. The modal garnet needed to fit the heavy REE patterns only occurs along with the metasomatic contribution of the Galapagos hot spot. 2008GC002246 subducting Cocos/Nazca oceanic crust or depleted mantle (DM) in the wedge. The other two components are highly radiogenic and derived from the Galapagos hot spot. These two radiogenic components are the subducting Seamount Province (Northern Galapagos Domain) and the subducting Cocos/Coiba Ridge (Central Galapagos Domain) (Figure 7 ). Nd isotopes require the aforementioned components as well as an input from subducting sediments (Figure 7) . Most of the isotopic ratios of the samples >10 Ma can be explained by the interaction of normal oceanic crust or DM and subducted sediments (for Nd isotopes), analogous to those from the Nicaraguan volcanic front lavas. The samples from the Upper Miocene-Pliocene units (La Garita Fm., Grifo Alto Fm., and Paso Real Fm., 206 Pb/ 204 Pb > 18.8; Figure 7 ) trend toward a composition intermediate between the Cocos/Coiba Ridge and the Seamount Province components. This intermediate composition suggests that mixing between the two Galapagos components occurred in the mantle wedge (section 4.3). The data from the modern central Costa Rica volcanic front and the alkaline basalts require a Seamount Province component whereas adakites and alkaline lavas from southern Costa Rica and Panama are in range with the Cocos/Coiba Ridge component .
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Arc-Hot Spot Interaction
[27] The interaction between a subduction system and a hot spot can occur in at least two different tectonic scenarios. An enriched mantle plume could flow into the wedge of a subduction zone if the arc passes over or is merely close to it. A different interaction can occur when the eruptive products of a plume (e.g., seamount tracks or aseismic ridges), subduct beneath an arc. Subduction of hot spot tracks can ''refertilize'' the arc mantle source by metasomatic processes (fluids and/or melts). Subsequent melting of this metasomatized mantle could produce lavas with an OIB signature.
[28] Wendt et al. [1997] reported Pb isotopes and trace element evidence for the interaction of the northern segment of the Tonga-Kermadec arc with two hot spot components. The Samoa mantle plume flows into the northern segment of the arc and the Louisville seamount chain subducts into the central part of the arc. In both cases the erupting lavas show an enriched geochemical signature. The OIB signature in alkaline lavas from the Mexican volcanic belt has been explained as a consequence of an arc-hot spot interaction involving plume activity below the arc [Márquez et al., 1999] . Bryant et al. [2006] reported Pb, Sr, and Nd isotopic and trace element evidence for the interaction between melts from the Carnegie Ridge (Galapagos hot spot track) (Figure 1 ) and the mantle wedge in the northern Andean volcanic zone in Ecuador with minor continental crust assimilation. Independent of the nature of the interaction between an arc and a hot spot, the result will be arc lavas with an anomalous enriched geochemical signature.
[29] The present-day geographic distribution of the Galapagos signature in the volcanics of Costa Rica and Panama is onshore from the ongoing collision of Galapagos hot spot tracks with the Middle American Trench (Figure 1) . In central Costa Rica, where the Seamount Province has been subducted (see projected lines and blue areas in Figure 1) , the samples from the volcanic front and the back-arc alkaline lavas (Figure 1 ) require a Seamount Province (Northern Galapagos Domain) geochemical component (Figure 7) , whereas the southern Costa Rica and Panama adakites and alkaline lavas are in the isotopic range of the Cocos/Coiba Ridge component (Central Galapagos Domain) (Figure 7) . Geophysical studies reveal that not only the subducting tracks may interact with the southern Central American margin but also there may be interaction with the Galapagos hot spot plume material, since a low-velocity seismic anomaly is detected up to southern Costa Rica margin [Montelli et al., 2006] . However, the central Costa Rican volcanic front lavas show significant Nb, Ta, and Ti depletions typical of arc volcanism [e.g., Carr et al., 2007] , indicating that at least in the volcanic front the enriched Galapagos hot spot component went through the subduction process that separated those elements from the other incompatible elements and thus possibly represent a subduction input and not a mantle composition.
[30] The isotopic and trace element data described here indicate that the central Costa Rican Galapagos-OIB signature results from metasomatism of the mantle wedge by melts and/or fluids from the subducting Galapagos hot spot tracks. The inter- Our new data show that the Galapagos-OIB signature appears in central Costa Rica at $6 Ma ago (sample P-95 from La Garita Formation). This particular geochemical signature allows us to constrain the initial collision of the Galapagos hot spot tracks at $8 Ma, allowing $2 Ma for the subducted tracks to move from the trench to a melt generating depth of $100 km beneath the arc (using the current average convergence rate of 80 mm/a). This calculation agrees with the geophysical evidence of a major tectonic event in the Pacific coast of southern Costa Rica circa 8 -10 Ma, possibly triggered by the collision of the margin with Galapagos hot spot tracks [Silver et al., 2004] as with elevated subduction erosion rates beginning $6 Ma ago [Vannucchi et al., 2006] .
[32] The southern Central American margin has been interacting with the Galapagos hot spot throughout its geologic history. This interaction began with the formation of the Caribbean Large Igneous Province (CLIP) (139-85 Ma Denyer et al., 2006] ). Subsequently, oceanic islands and aseismic ridges were accreted Figure 8 . Trace element compositions of the different modeled components for this study (model data in Appendix A). DM was inverted with a melt fraction of 8% from the sample SO 144 -1 ] with a modal composition of 60%olivine + 25% orthopyroxene + 13%clinopyroxene + 2%spinel. Melts from the mean subducting Cocos/Coiba Ridge and Seamount Province Werner et al., 2003] were modeled with melt fraction of 20% with a modal composition of 83%clinopyroxene + 15%garnet + 2% rutile. Sediment melt 1 was modeled from a mix of a 70% mean hemipelagic + 30% mean carbonate from Patino et al. [2000] . The sediment melt 1 was modeled with melt fraction of 20% and a modal composition of 84.6% clinopyroxene + 15%garnet + 0.4rutile. There is no information about the subducting sediments during the Oligocene-Pliocene. Thus, sediment melt 1 composition was empirically adjusted (reducing Ba, U, and Pb) to fit the average value of the Oligocene-Pliocene samples. during the Eocene and Miocene Denyer et al., 2006] . The interaction continues with the relatively recent subduction of the hot spot tracks. The mantle wedge enrichment produced by the subduction of the hot spot tracks can be considered an important stage in the global cycle of oceanic crust recycling and mantle refertilization by metasomatic processes.
Isotopic and Trace Element Modeling of the Arc-Hot Spot Interaction in Southern Central America
[33] To evaluate the implications of our subduction-hot spot interaction model, we estimate the regional and temporal contribution of the Galapagos hot spot to magmatism in southern Central America. According to Peacock et al. [2005] the thermal properties of the subduction zone of Costa Rica and Nicaragua allow the subducting sediments and the uppermost part of subducting oceanic crust to partially melt. We consider melting of the subducting slab an important part of the metasomatic processes inferred from the previous discussion of the spatial and temporal geochemical changes in southern Central America.
[34] The melting model used in this study is aggregated fractional melting [Shaw, 1970] and the partition coefficients used in our modeling (peridotite and eclogite sources) are from the compilation of Kelemen et al. [2003] . The first modeling requirement is a mantle wedge with a DM composition that makes an appropriate isotopic and trace element end-member. We obtained a locally appropriate DM by inverting using a melt fraction of 8% the sample SO-144-1 (Figure 8 ) from the EPR-Cocos crust off Nicaragua . This DM is similar to the modal and trace element composition reported by Workman and Hart [2005] . The Galapagos hot spot contributions were modeled from the mean values of the subducting Seamount Province and the Cocos/ Coiba Ridge reported by Hoernle et al. [2000] and Werner et al. [2003] , using 20% melting in the eclogite facies (Figure 8 ). The final components are two sediment melts based on the sediment compositions of Patino et al. [2000] and a melt fraction of 20%. Pr and Ta, not included in the original data, were interpolated from adjacent elements normalized to McDonough and Sun [1995] values. Pr N (Ce N , Nd N ) for the hemipelagics, Pr N (L N , Nd N ) for the carbonates, and Ta N ($Nb N ) for both sediments. The first sediment melt consists of a mix of 30% mean carbonate and 70% mean hemipelagic sediments (Figure 8 ). Because we do not have the actual composition of the sediment subducting during Oligocene-Pliocene, we used the same composition as sediment melt 1; but with some adjustments to fit the trace element data of the average Oligocene-Pliocene values, specifically, lower Ba, U and Pb (Figure 8 ). All the modeled results and details, including melt modes and melt fractions are in Appendix A and plotted in Figures 8-10. [35] To constrain the Pb isotopic contribution from the subducting Galapagos hot spot tracks, we plotted a three component diagram that shows the interaction of DM with melts from the subducting Seamount Province and the Cocos/Coiba Ridge ( Figure 9 ). In Figure 9a , the Galapagos hot spot contribution decreases systematically along the volcanic front from central Costa Rica to NW Nicaragua. The samples from southern Costa Rica and Panama are close to the mixing line between the subducting Cocos/Coiba Ridge and DM (Figure 9a) . Along the volcanic front of Costa Rica and Nicaragua, the Galapagos hot spot contribution is actually a mix between the highly enriched subducting Seamount Province and the volumetrically major Cocos/Coiba Ridge. There are two clusters of data in the central Costa Rica volcanic front and both require >1% of the Galapagos hot spot contribution. The less radiogenic cluster, represented by samples from Barva, Irazú, and Turrialba volcanoes requires a mix of 20% Seamount Province plus 80% Cocos/Coiba Ridge melts (Figure 9a ). The second cluster includes samples from Poás and Platanar volcanoes, which are located directly above the subducting Seamount Province. This group requires a mix of 40% Seamount Province plus 60% Cocos/Coiba Ridge melts (Figure 9a ). The Galapagos hot spot contribution decreases to 1-0.5% in NW Costa Rica, 0.5-0.1 in SE Nicaragua, and it is negligible in NW Nicaragua.
[36] A temporal change in the contribution from the Galapagos hot spot is shown in Figure 9b . For most of the Oligocene-Middle Miocene samples, the Galapagos hot spot contribution was minor. The Middle Miocene samples from the Talamanca Range (southern Costa Rica, Figure 1 ) require about 0.5% of Galapagos hot spot contribution, with a major participation of a component similar to the Cocos/Coiba Ridge (Figure 9b ). In the Late Miocene-Pliocene samples, the Galapagos hot spot contribution ranges between 0.1 and 2% and must be a mix between the Seamount Province component and the Cocos/Coiba Ridge component.
[37] To model the incompatible trace elements, we calculated average elemental concentrations of the main volcanic segments from central Costa Rica to NW Nicaragua, using the data from Carr et al. [2007] (Figure 10 ). We also calculated mean values of the Oligocene-Middle Miocene samples and Late Miocene-Pliocene samples to constrain the temporal effect of the interaction of the subduction zone with the Galapagos hot spot (Figure 10) . Figure 10 . Trace element models compared with the mean (denoted by line with symbols) and range (denoted by shaded field enclosing the mean line) for each volcanic segment from Central Costa Rica to NW Nicaragua. The dashed blue lines show model melts derived from a DM mantle source metasomatized by melts from subducting sediments. Metasomatized mantle models that require a Galapagos hot spot component and liquids derived from that source are plotted as continuous blue lines. There is a good agreement between the models and the data. Misfits in P, Zr, and Ti could be explained by fractional crystallization at crustal levels. The Galapagos hot spot component was approximated from Figure 8 and represents a mix between melts of the Seamount Province (SP) and the Cocos/Coiba Ridge (CCR). GC1 is the Galapagos hot spot component for the volcanic front. It was modeled as 40% SPM plus 60%CCR. GC2 is the Galapagos hot spot component for the Late Miocene-Pliocene units and was modeled as 20% SP plus 80% CCR. SedM1, sediment melt 1; SedM2, sediment melt 2 (Oligocene-Miocene); F, melt fraction in percent. 2008GC002246 [38] The interaction between the subducting Galapagos hot spot tracks, the sediment and the DM mantle wedge is modeled as a three stage process. The first stage includes melting of the subducting crust (sediment and/or subducting oceanic crust) in eclogite facies. The second stage is visualized as a metasomatic melt-rock reaction between the melts from the slab and the mantle wedge in the garnet stability field and modeled as multicomponent mixing. The last stage is flux melting of this metasomatized or ''refertilized'' mantle caused by fluids from the subducting slab (slab dehydratation and/or subducting oceanic mantle deserpentinization) possibly in a shallower level but still in the garnet stability field. The modeled Galapagos hot spot contribution was based on the Pb isotopes in Figure 9 . Small increments of sediment melt were added to the mantle until acceptable Rb, Ba, K, Pb, U, and Sr fits were obtained (within the modeled group range and close to the average calculation; Figure 10 ). According to Thomsen and Schmidt [2008] no more than 30% of the carbonates are recycled in the subarc mantle region. Therefore, we used sediment melt 1 (70% hemipelagic plus 30% carbonate) for the trace element modeling. However, the Nd isotopic systematics (Figure 7) and some of the trace element data from the volcanic front [Patino et al., 2000] may require additional subducted carbonate. This component could be a hydrous fluid instead of a melt. The source modal composition after metasomatism is close to the original DM; however, a mass balance of clinopyroxene and garnet was required to fit the heavy REE data of each calculated mean in Figure 10. [39] The different trace element models are plotted with the respective volcanic front segment means and temporal means in Figure 10 . The most important observation of the trace element modeling is that the trace element concentrations observed along the arc, south of central Nicaragua require a Galapagos hot spot component. Trace element compositions in central Costa Rica lavas are explained by a DM metasomatized by 3% of the Galapagos hot spot contribution and <0.1% of sediment input, melted at 8% (Figure 10a ). The trace element composition of NW Costa Rica require a DM metasomatized by about 0.6% of the Galapagos hot spot contribution and 0.6% of sediment input, melted at 9% (Figure 10b ). The SE Nicaragua mean is controlled by the enriched composition of the two southernmost volcanoes of Conception and Maderas. This segment requires a DM metasomatized by 0.4% Galapagos hot spot contribution and 0.4% sediment input melted at 6% (Figure 10c) . Because of the strong geochemical gradient in SE Nicaragua, the mean value provided here is less appropriate than the means for the other segments. Therefore, the last estimates should be carefully examined in the future. NW Nicaragua requires DM to be metasomatized by 0.6% of sediment melt (and possibly fluids), a melt fraction of 8%, and there is no need for Galapagos hot spot contribution (Figure 10d) . [40] In the Oligocene-Middle Miocene samples the Galapagos hot spot contribution is absent or negligible (Figure 10e ). It is not until the Late Miocene-Pliocene that a metasomatic process involving the Galapagos hot spot melts is necessary to explain the trace element data (Figure 10f ).
Geochemistry Geophysics
[41] Carr et al. [1990] reported a contradictory inverse correlation between degree of melting and volcano size in Central America. The degree of melting was inferred from the REE patterns and was considered high in Nicaragua and low in central Costa Rica. This conclusion was based on the assumption that source composition was the same along the volcanic front. However, a second important observation from the trace element modeling ( Figure 10 and Table 4) is that the melt fraction required to reproduce central Costa Rica is similar to the melt fractions needed in the rest of the volcanic front. Steep REE patterns (high La/ Yb) imply a lower degree of melting only if C 0 (equations (1) and (2), Appendix A) is the same for all the magmas. The C 0 modeled here is systematically different along the arc and varies from a DM mantle highly metasomatized by Galapagos tracks melts in central Costa Rica to a DM metasomatized by hydrous fluids and/or sediment melts in NW Nicaragua (Table 4) . Therefore, the geochemical variations along the volcanic front (e.g., La/Yb, Ba/La, etc.) reflect the extent and type of metasomatic processes caused by the subducting input not just the degree of partial melting. The higher volcanic volumes in Costa Rica [Carr et al., 2007] are possibly related to a more fertile metasomatized mantle (enriched veins from melts of the subducting Galapagos hot spot tracks). While in Nicaragua the Galapagos hot spot contribution is subordinate or insignificant and the resulting metasomatized mantle will be less fertile. Melting of this mantle will produce volcanoes with smaller volumes in Nicaragua.
[42] The main purpose of the modeling presented here was to estimate the effect of the interaction for the Galapagos hot spot with the arc in southern Central America. Our models have several limita- 2008GC002246 tions; for example, they do not include the effect of hydrous fluids and fractional crystallization of the primary magmas. According to Eiler et al. [2005] a hydrous fluid dominates the slab component in the Nicaraguan volcanic front. Therefore, constraining and modeling the effect of this component will likely refine the fits in some of fluid mobile elements (e.g., Ba, U, K, Pb, and Sr in Figure  10 ). Missfits occur in P, Zr, and Ti but could be explained by fractional crystallization of apatite (P) and titano-magentite/illmenite (Zr, Ti), possibly at crustal levels. Given the limitations of the modeling, the isotopic and trace element models of the Galapagos hot spot contributions along the volcanic front are remarkably similar and the excellent fits in the central Costa Rica segment argue for an arc-hot spot interaction model.
Evaluation of the Previous Models That Explain the Galapagos-OIB Signature in Southern Central America
[43] Russo and Silver [1994] suggested that a trench-parallel flow of Pacific mantle through the Nazca Plate may feed the growing reservoir of the Atlantic mantle. Herrstrom et al. [1995] used this model to explain the enriched nature of the central Costa Rica lavas. However, the maximum 208 Pb/ 204 Pb signal is not present in eastern Panama (Figure 7 ), as would be expected for northward flow beneath the Nazca Plate but is instead present in the central Costa Rican volcanic front, directly below the projected subduction of the Galapagos hot spot Seamount Province (Figure 1 ).
[44] Abratis and Wörner [2001] proposed that a slab window in the subducting Cocos-Nazca plates, proposed by Johnston and Thorkelson [1997] , allowed hot Galapagos mantle to rise into the mantle wedge below southern Costa Rica and Panama, producing the enriched geochemical signature in central Costa Rica. The main weakness in this model is that it does not explain the intermediate values found in some of the Early Middle Miocene samples from the Talamanca Range (Figures 6 and 7) . A possible variation on this model could involve flow of hot asthenosphere following a detachment of the subducting slab, as suggested by the OIB magmas in the Trans-Mexican volcanic belt [Ferrari, 2004; Orozco-Esquivel et al., 2007] . In this model, the interaction will be between upwelling asthenosphere following the slab detachment and the subducting Seamount Province and the Cocos/Coiba Ridge. Models that suggest direct flow from the Galapagos hot spot plume below southern Costa Rica and Panama via a slab or slab detachment remain interesting ideas whose implications need to be defined and tested.
[45] The oceanic complexes of the Pacific shore of Costa Rica are related to the Caribbean Large Igneous Province (CLIP) and are interpreted to have originated at the Galapagos hot spot [e.g., Hauff et al., 2000; Hoernle et al., 2002; Denyer et al., 2006] . The Costa Rican volcanic front developed on the westernmost part of the CLIP. This geologic history and the high Pb isotopic ratios in eastern Nicaragua and Costa Rican back-arc lavas led Feigenson et al. [2004] Pb than the forearc CLIP complexes of the Costa Rican Pacific shore (Figure 7) . Therefore, melting residual CLIP mantle is not a good source for the OIB signature in southern Central America.
[46] Goss and Kay [2006] proposed that the Galapagos-OIB signature results from incorporating portions of the CLIP fore-arc oceanic complexes into the mantle wedge by tectonic erosion. , La/ Yb = 6-10) of some of the samples from the Middle Miocene could represent the effect of the interaction of older Galapagos hot spot tracks that collided with the southern Central American margin during the Miocene.
[48] The southern part of the Central American margin has been interacting with the Galapagos hot spot throughout its geologic history. The relatively recent interaction of the subducting Galapagos hot spot tracks (the Seamount Province, the Cocos/Coiba Ridge, and possible older Galapagos tracks) with the mantle wedge has changed the composition of the erupted lavas in southern Cen- a The plateau steps are shown in bold. b For P-95 matrix step-heating analysis, mass is 8.513 mg, J = 3.75E-03 ± 4.72E-06 ± 0.126 Percent; 2 Sigma). Total gas age is 9.98 ± 0.21 Ma (2s, steps 1 through 20). Total isochron age is 6.23 ± 0.29 Ma (2s, steps 1 through 20) and initial 40Ar/36Ar is 298.89 ± 0.73 where MSWD = 1.529. Plateau age is 6.47 ± 0.21 Ma (2s, including J-error of 0.126%), stats are MSWD = 0.78, probability = 0.65, and size is 80.7% of the 39Ar, steps 10 through 20.
c For P-126 matrix step-heating analysis, mass is 6.528 mg, J = 3.74E-03 ± 7.19E-06 (0.192 Percent; 2 Sigma). Total gas age is 35.2 ± 1.0 Ma (2s, steps 1 through 20). Isochron age is 25.80 ± 0.27 Ma (2s, steps 1 through 20) and initial 40Ar/36Ar is 309.50 ± 6.00, where MSWD = 1.50. Plateau age is 29.2 ± 1.3 Ma (2s, including J-error of 0.192%), stats are MSWD = 1.3, probability = 0.26, and size is 50.3% of the 39Ar, steps 3 through 11.
d For P-127 feldspar step-heating analysis, mass is 6.441 mg and J = 3.74E-03 ± 7.19E-06 (0.192 Percent; 2 Sigma). Total gas age is 29.2 ± 0.4 Ma (2s, steps 1 through 22). Isochron age is 28.44 ± 0.64 Ma (2s, steps 1 through 22), and initial 40Ar/36Ar is 302.50 ± 3.16, where MSWD = 2.30. Plateau age is 28.43 ± 0.44 Ma (2s, including J-error of 0.192%), stats are MSWD = 0.19, probability = 0.94, and size is 67.1% of the 39Ar, steps 13 through 17.
e For EG-1 matrix step-heating analysis, mass is 6.023 mg and J = 3.74E-03 ± 7.19E-06 (0.192 Percent; 2 Sigma). Total gas age is 28.1 ± 1.0 Ma (2s, steps 1 through 20). Isochron age is 13.57 ± 2.24 Ma (2s, steps 1 through 20) and initial 40Ar/36Ar is 299.30 ± 2.26, where MSWD = 4.35. Plateau age is 14.1 ± 1 Ma (2s, including J-error of 0.192%), stats are MSWD = 0.88, probability = 0.56, and size is 61.8% of the 39Ar, steps 8 through 19.
f For TC-2 matrix step-heating analysis, mass is 1.540 mg and J = 3.46E-03 ± 7.57E-06 (0.219 Percent; 2 Sigma). Total gas age is 22.7 ± 0.8 Ma (2s, steps 1 through 20). Isochron age is 12.33 ± 2.48 Ma (2s, steps 1 through 20), and initial 40Ar/36Ar is 302.50 ± 5.47 MSWD = 8.18. Plateau age is 13.77 ± 0.86 Ma (2s, including J-error of 0.219%), stats are MSWD = 0.96, probability = 0.46, and size is 53.7% of the 39Ar, steps 9 through 17.
g For TC-10a feldspar step-heating analysis, mass is 1.349 mg and J = 3.63E-03 ± 6.55E-06 (0.181 Percent; 2 Sigma). Total gas age is 18.5 ± 0.3 Ma (2s, steps 1 through 20). Isochron age is 17.55 ± 0.80 Ma (2s, steps 1 through 20) and initial 40Ar/36Ar is 297.60 ± 1.88, where MSWD = 1.47. Plateau age is 18.32 ± 0.33 Ma (2s, including J-error of 0.181%), stats are MSWD = 0.97, probability = 0.48, and size is 99.3% of the 39Ar, steps 2 through 17. The melting model used in this study was aggregated fractional melting [Shaw, 1970] ]. Where C L is the average concentration of the element in the liquid, C 0 is the initial concentration of the element in the source, F is the melt fraction, and D 0 is the initial bulk partition coefficient. Equation (1) 
